Long-term snow and weather observations at Weissfluhjoch and its relation to other high-altitude observatories in the Alps by Marty, Christoph & Meister, Roland
ORIGINAL PAPER
Long-term snow and weather observations at Weissfluhjoch
and its relation to other high-altitude observatories
in the Alps
Christoph Marty & Roland Meister
Received: 28 September 2011 /Accepted: 3 January 2012 /Published online: 18 January 2012
# Springer-Verlag 2012
Abstract Snow and weather observations at Weissfluhjoch
were initiated in 1936, when a research team set a snow
stake and started digging snow pits on a plateau located at
2,540 m asl above Davos, Switzerland. This was the begin-
ning of what is now the longest series of daily snow depth,
new snow height and bi-monthly snow water equivalent
measurements from a high-altitude research station. Our
investigations reveal that the snow depth at Weissfluhjoch
with regard to the evolution and inter-annual variability
represents a good proxy for the entire Swiss Alps. In order
to set the snow and weather observations from Weissfluh-
joch in a broader context, this paper also shows some
comparisons with measurements from five other high-
altitude observatories in the European Alps. The results
show a surprisingly uniform warming of 0.8°C during the
last three decades at the six investigated mountain stations.
The long-term snow measurements reveal no change in mid-
winter, but decreasing trends (especially since the 1980s) for
the solid precipitation ratio, snow fall, snow water equiva-
lent and snow depth during the melt season due to a strong
temperature increase of 2.5°C in the spring and summer
months of the last three decades.
1 Introduction
Mountains played a central role in the history of meteorol-
ogy. From the 1860s onwards, meteorologists began to
recognise that the vertical structure of the atmosphere holds
important clues to large-scale weather trends. They began to
distinguish between valley measurements, which reflected
local peculiarities, and measurements taken at high-altitude
observatories, which revealed general characteristics of the
atmospheric circulation (Coen 2009). However, meteorolog-
ical measurements at the mountain observatory Weissfluh-
joch (WFJ) above Davos started for a totally different
reason. In December 1936, a research team of the Swiss
Snow and Avalanche Research Commission appeared on the
Weissfluhjoch, where a few years later, the Swiss Federal
Institute for Snow and Avalanche research (SLF) was
founded. They set a snow stake and started digging snow
pits on a plateau situated at 2,540 m asl. The goal of these
activities was to obtain a better understanding of avalanche
formation. Being aware that avalanches are always a prod-
uct of a particular stratigraphy of the snowpack and special
weather conditions, these pioneers also initiated daily
weather observations during the snow season. Due to the
focus on avalanche formation, it was not until 1947 that
Weissfluhjoch became part of the network of the Swiss
Federal Office of Meteorology and Climatology (MeteoS-
wiss) and the meteorological observations were performed
operationally year-round. The successful collaboration of
these two institutions (SLF and MeteoSwiss), was an im-
portant basis for the fact that that the daily observations
from Weissfluhjoch soon became indispensable to answer
basic questions in alpine meteorology or climatology. In the
first decades, the data were already used to investigate the
snow metamorphosis (Bader et al. 1939), to analyse the
altitude dependence of the snow depth (Schild 1949), to
explore the evaporation of snow (De Quervain 1951), to
explain the structure of hail grains (List and de Quervain
1953), to determine the climatological snowline (Zingg
1954), to analyse the temperature dependency of the forma-
tion of snowflakes (Bossolasco 1954) or to investigate the
spatial variability of new snow height (Zingg 1963).
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Over the last seven decades, many experimental measure-
ments and international projects have been carried out at
Weissfluhjoch by different research groups. They all
benefited from the wide range of operational measurements
for avalanche warnings, the climatological record and the
accessibility of the site. Besides fundamental snow and
avalanche research, the topics covered range from isotopes
in the snowpack (Stichler et al. 1981), to snow hydrological
investigations (Martinec and Rango 1981), sensor tests
(Gubler and Hiller 1984), aerosol analyses in the snowpack
(Baltensperger et al. 1993), remote sensing validation (Seidel
et al. 1994), radiation studies in mountainous terrain (Pluess
and Ohmura 1997), snow cover modelling (Fierz et al. 1997),
snow texture investigations (Pielmeier et al. 2001), the altitude
dependence of the greenhouse effect (Marty et al. 2002), UV
radiation studies (Schmucki and Philipona 2002), permafrost
investigations (Luetschg et al. 2004), international snowmodel
intercomparisons (Brown et al. 2006), solid precipitation inter-
comparisons (Egli et al. 2009), climate change studies (Bavay
et al. 2009), glacier change analyses (Huss et al. 2009), the
microwave backscattering of snow (Werner et al. 2010) or
recently to the monitoring of organochlorine pesticides (Zhu
et al. 2011).
The focus of this paper is on climatologically impor-
tant snow parameters, because, as we will demonstrate,
the homogeneity and long-term availability is unique for
these parameters at a high-altitude location such as
Weissfluhjoch. However, we will also give an overview
on the now operationally measured parameters at Weiss-
fluhjoch and demonstrate how some of these parameters
react to the observed climate change. In order to set
these measurements in a wider frame, we will show
some comparisons with data from other long-term
mountain observatories in the Alps.
2 Locations and data
2.1 Weissfluhjoch
Weissfluhjoch is the name of a saddle in the eastern Swiss
Alps about 1,000 m above the valley floor in Davos. Most
of the meteorological measurements are performed on a
nearby unnamed peak at 2,690 m asl. This small peak is
positioned in the middle of the ski area and the terminus of a
cable car, where the SLF headquarters were located for more
than 60 years. The well-known observation site where the
operational snow measurements started in 1936 is located
on a plateau 150 m below. The daily snow depth is read
from a snow stake with a cm-scale, the new snow height is
measured on a new snow board which is placed each morn-
ing flush with the snow cover surface, and the new snow
density is calculated from the weight of 1,000 cm2 section
taken by a snow sampler from this new snow board. The
total snow water equivalent of the snowpack is measured bi-
weekly together with the snow hardness and other strati-
graphic parameters in a snow pit as described in Meister
(2009). These snow measurement methods have hardly
changed in the last 75 years and were always accompanied
by daily meteorological observations. These meteorological
and nivological observations are part of the operational net-
works run by SLF and MeteoSwiss. Despite the fact that
solid precipitation is difficult to measure reliably with stan-
dard precipitation gauges, Weissfluhjoch is the only high-
alpine observatory with collocated measurements of new
snow height. It is also the only station in the MeteoSwiss
network where the precipitation gauge is manually adjusted
to be 2 m above the snow surface in order to be consistent
with the measurements without snow on the ground. The
site is well protected from wind and its environment has not
been changed. Besides the daily manual measurements of
the different snow parameters, there are now a whole series
of long-term automatic measurements available, which are
listed in Table 1.
In order to investigate the spatio–climatological represen-
tativity of the Weissfluhjoch snow depth, we also used data
from the “Interkantonales Mess- und Informations System”
IMIS (Egli 2008), which covers the entire Swiss Alps. Since
most of the IMIS stations became operational after 1999, the
investigation period is limited to the 12 years between 2000
and 2011. There are 64 stations above 2,000 m asl available
for this time period. According to the avalanche service, the
main user of this network, 13 of these stations are on
unrepresentative ridges or crests and where thus excluded
from the analysis. The 51 remaining ones are situated be-
tween 2,000 and 2,900 m asl and have a median altitude of
2,405 m asl, i.e. only 145 m lower than the Weissfluhjoch
observation site.
In the following, we introduce the five other high-altitude
observatories in the Alps (Fig. 1), which are used to put the
Weissfluhjoch measurements into perspective.
2.2 The five other long-term mountain observatories
The Säntis (SAE) observatory (2,502 m asl) is on an ex-
posed peak in the foothills of the north eastern Swiss Alps
and part of the operational network of MeteoSwiss. Snow
depth used to be measured close to the peak, but since 1978,
it is read with binoculars from a snow stake in a flat depres-
sion about 300 m lower at 2,230 m asl. New snow height is
measured with a Hellmann precipitation gauge (if full, ad-
justed to valley measurements from neighbouring stations)
and thus can hardly be compared to standard measurements.
Moreover, the measurement location has changed several
times during the recent decades (personal communication
Willy Kobler, observer MeteoSwiss).
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The Jungfraujoch (JUN) mountain observatory (3,580 m
asl) is situated on an exposed ridge in the northwest of the
central Swiss Alps and is part of the MeteoSwiss operational
network. Neither precipitation nor snow is measured at this
exposed location.
Grand St. Bernard (GSB) is situated at the top of an
important pass in the western Swiss Alps at 2,472 m asl
and is part of the MeteoSwiss operational network. Due to
its wind prone location, reliable snow measurements are a
difficult task. Snow depth was only recorded for some years
(1965–1981). New snow height has only been measured
since 2007.
The mountain observatory Zugspitze (ZUG) is locat-
ed on an exposed peak (2,962 m asl) on the German/
Austrian border and is part of Germany’s National Me-
teorological Service DWD operational network. Snow
depth measurements are available since 1901 from snow
stake readings on the nearby glacier at Zugspitzplatt
(Huber 1914). However, due to several displacements,
data before 1946 should not be used (Hauer 1950).
Nowadays, snow depth is still measured from snow
stakes on the downwasting glacier at 2,600 m asl by
the avalanche service and the data are passed on to
DWD (personal communication Manfred Kirsten,
DWD). New snow height has never been measured on
ZUG.
The Sonnblick observatory (SOB) is situated on an
isolated peak (3,105 m asl) in the middle of the eastern
Austrian Alps and is part of the Austrian national meteoro-
logical service ZAMG operational network. Snow depth has
been measured daily with binoculars since 1938 from a
snow stake (PG6) at a glaciated saddle (2,990 m asl) close
to the observatory. However, monthly readings from this
and 4 other stakes on the nearby glaciers already started in
1928. The measurements from the stake with the daily read-
ings are influenced by strong snow drift due to its location
on saddle. For this analysis, we therefore used the stake PG1
at 2,400 m asl, which is well protected from wind, and
shows a good representativity for the lower part of the
glacier (Schöner et al. 2009).
The data has been quality checked and most of the
temperature and precipitation series have been homogenised
by the data owners. None of the snow data has been homo-
genised. However, the methods of snow measurement have
not been changed at the observatories involved. In addition,
the locations of the snow measurements at Weissfluhjoch
and Sonnblick are still the same as at the start of the
observations.
Table 1 Manual and automatic,
operationally measured parame-
ter at Weissfluhjoch
aDaily values from 1947 to 1958
only in the annual reports of
MeteoSwiss. Automatic since
1981
bMeasurement location has been
changed in 1981 (SLF 1986)
cTerminated in 2008
dAlso automatic since 1994
e1936–1938: Incomplete meas-
urements during the summer
month (July–September)
fAlso automatic by snow pillow
since 2008
gPhysikalisch-Meteorologisches
Observatorium Davos, World
Radiation Center
hLocal standard time
Location/parameter Since Temp. resolution Data provider
WFJ Peak, 2,690 m
Temperature 1947a 10 min MeteoSwiss
Relative humidity 1947a 10 min MeteoSwiss
Sun duration 1947a, b 10 min MeteoSwiss
Global radiation 1947a, b 10 min MeteoSwiss
Wind speed 1947a 10 min MeteoSwiss
Wind direction 1947a 10 min MeteoSwiss
Pressure 1947a 10 min MeteoSwiss
Synoptic weather observation 1947c 3 times daily MeteoSwiss
Short- and longwave in radiation 1995 2 min SLF
WFJ Observation site, 2,540 m
Snow depth 1936d Daily, 7:30 LSTh SLF
New snow height 1936e Daily, 7:30 LST SLF
New snow density 1942 Daily, 7:30 LST SLF
Snow water equivalent 1948f Bi-weekly snow profile SLF
Precipitation 1947a 10 min MeteoSwiss
Temperature 1995 10 min SLF
Relative humidity 1995 10 min SLF
Wind speed 1995 10 min SLF
Wind direction 1995 10 min SLF
Shortwave in and out radiation 1995 2 min SLF
Longwave in and out radiation 1995 2 min SLF
UV-A and UV_B in and out radiation 1997 2 min PMOD/WRCg
Direct and diffuse solar radiation 1997 2 min PMOD/WRCg
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3 Results and discussion
We start with the two standard meteorological parameters
temperature and precipitation. The integrated product of
these two parameters determines the snowfall sum and the
depth and duration of the snow on the ground, whose
analysis is the focus of this investigation.
3.1 Air temperature
An analysis of the mean annual air temperature of the six
mountain observatories shows a more or less parallel evo-
lution since the beginning of the measurements (Fig. 2). The
absolute difference between the stations can mainly be
explained by altitude. As the time series have not yet all
been homogenised, we limited our analysis to the tempera-
ture trend of the last 30 years (1981–2010). We found a
surprisingly good agreement among the six stations with an
increase of roughly 0.8 K over the last three decades. Since
low-altitude stations show a larger spread and larger ampli-
tudes regarding the recent temperature increase (1.2 to 1.4 K
for the six lowest Swiss stations), these data demonstrate
that high-altitude observatories are important locations for
undisturbed measurements. The observed increase of 0.8 K
is 1.2 times higher than the corresponding northern hemi-
sphere temperature increase (HadCRUT3 (Brohan et al.
2006)) over the last three decades. This stronger warming
in the Alps is not surprising, taking into account the con-
tinentality of the Alps and the fact that that the northern
hemisphere temperature is a lot determined by ocean areas.
As we will show later, the snow parameters experience the
largest changes during the melting period (April, May,
June). The observed warming of these 3 months at the
mountain observatories was 2.5 K during the last three
decades, which is three times larger than the annual temper-
ature increase and 3.5 times larger than the corresponding
northern hemisphere temperature increase. This enhanced
warming in the Alps agrees well with what others have
already found for homogenised air temperature series in
Switzerland (Rebetez and Reinhard 2008).
3.2 Precipitation
Considering the different climatic locations of the observa-
tories, it is not surprising that there are remarkable differ-
ences in precipitation between the stations. This becomes
evident when the annual precipitation cycle is analysed. The
southernmost station GSB, for example, experiences a
Fig. 1 Location and altitude of the six involved long-term mountain observatories in the Alps (© 2011 Google)
576 C. Marty, R. Meister
Mediterranean-like precipitation regime with lower amounts
during the summer months. Weissfluhjoch on the other
hand, is the driest station, which is typical for its inner-
alpine location. All stations show a high inter-annual vari-
ability, and thus, there is no trend towards wetter or drier
conditions. The same is true for the new snow sum during
the winter season (November to April) at Weissfluhjoch, the
only high-altitude station with continuous new snow height
measurements. Moreover, despite the fact that new snow
density depends on the ambient temperature (Meister 1986),
no density increase has been detected yet. Another investi-
gation demonstrates that the probability for extreme snow
fall events has not significantly changed at this high-altitude
location (Marty and Blanchet 2011).
However, the situation looks different if the solid precipita-
tion ratio (fraction of solid precipitation of the total precipita-
tion) is analysed. Theoretically, this parameter would be
available from three of the six stations. However, the data of
Säntis cannot be used for this purpose since the measurement
location for precipitation and new snow has changed several
times in recent decades and the two parameters were also
measured at different sites. At Sonnblick, the precipitation
measurement is classified by the observer with either 0%,
50% or 100% solid precipitation since 1892 (Schöner et al.
2009). At Weissfluhjoch, the solid precipitation ratio was de-
termined by the snowfall/precipitation day ratio as described in
Serquet et al. (2011). Both methods show a clear trend towards
more rain and less snow at these high altitudes. A trend analysis
using the Mann–Kendall test (Mann 1945; Kendall 1975) and
Sen’s slope estimator (Sen 1968) demonstrates a highly signif-
icant decrease of about 1.25% per decade at both stations
(Fig. 3). The higher variability at Weissfluhjoch can be
explained by the fact that it is located 600 m lower than
Sonnblick and due to the different methods involved as
described above. A seasonal analysis reveals that the decrease
in the solid precipitation ratio during the spring months is twice
as high (2.8% per decade atWeissfluhjoch and 1.6% per decade
at Sonnblick for the month April to June) as during the winter
month and is thus mainly responsible for the observed annual
decrease.
3.3 Snow depth
Only three mountain observatories measure snow depth
each day, which allows to derive climatologically important
parameters such as mean snow depth or the number of snow
days (days with a snow depth above a certain threshold).
However, if the analysis is limited to the beginning of each
month, we can also include the long-term monthly reading
from Sonnblick. We have done this for the end of the
meteorological winter season (March 1), which, at this alti-
tude, is still in the accumulation season. For all four stations,
we found a high inter-annual variability, which is by far the
lowest at Weissfluhjoch. In comparison with the other sta-
tions, Weissfluhjoch also shows the lowest decadal variabil-
ity (Fig. 4). Only the Zugspitze measurements seem to show
a long-term decreasing trend. The other three stations show
no obvious sign of change with regard to the March 1 snow
depth. Considering the different settings and climates of
these stations, it is evident that the absolute values show
larger differences between the different locations.
As the snow depth at this time of the winter is mainly
determined by precipitation, we assessed the long-term compa-
rability of the snow depth measurements with a simple corre-
lation analysis between the May 1 snow depth and the winter
(November–April) precipitation sum. We found a good agree-
ment between the two parameters at Weissfluhjoch (r00.83),
but substantially lower correlation coefficients (r between 0.39
Fig. 2 Mean annual air
temperature at the six mountain
observatories and their
corresponding temperature
increase during the last three
decades (1981–2010). The thick
lines represent 20-year Gauss-
ian low-pass filter smooth
trend. The ten first and last
years were constructed by
bouncing the raw values
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and 0.65) for the three other stations. Assuming that the relative
under-catch of winter precipitation (Goodison et al. 1998) is
similar from year to year, we explain these lower correlation
coefficients with the fact that the other three sites are influenced
by snow drift, which also explains the extreme values in some
years. Bearing in mind that the snowmeasurement site at Säntis
is in a depression or on a changing glacier at the two other sites
(Zugspitze and Sonnblick) explains these results. The apparent
long-term decreasing trend for March 1 snow depth at Zugspi-
tze (without a simultaneous precipitation decrease) is therefore
most likely caused by the changing topography of the measure-
ment field on a downwasting glacier.
In addition, an analysis of the mean snow depth between
November and April and for the date of the maximum snow
depth at Säntis and Weissfluhjoch revealed no significant
changes. Another study (Marty and Blanchet 2011) also
demonstrated that the magnitude of the maximum snow
depth is not changing at higher altitudes. However, there is
a trend towards less snow at the end of the snow season (see
Sections 3.4 and 3.6).
3.4 Snow onset and snow disappearance dates
Snow onset (the date when the winter snow cover starts to
accumulate) and snow disappearance (the date when the winter
snow cover disappears, i.e. the measurement field is less than
50% snow covered) could only be analysed for the two data
series on non-glaciated terrain (Säntis andWeissfluhjoch), since
it is often impossible to distinguish between the present and
past year’s snow during the melt season on a glacier. In the melt
Fig. 4 Annual values of snow
depth for March 1. The thick
lines represent the 20-year
Gaussian low-pass filtered
values
Fig. 3 Annual values of solid
precipitation ratio as measured
at Sonnblick and Weissfluhjoch
and their corresponding
decrease per decade
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season, the date of first disappearance of 50 cm snow depth, the
date of first disappearance of 10 cm snow depth or the date of
snow disappearance all show a clear decreasing trend since the
1980s, with a series of unusually early snow disappearance
dates in the last 15 years for both stations (Fig. 5). However, the
trend is not significant (p00.25) if the whole Weissfluhjoch
series is considered. The record snow disappearance date, for
example, occurred at the beginning of the observation period—
in early June 1947. The succeeding dry and hot summer is often
compared with summer heat of 2003. No trend can be ob-
served, if the snow onset date is analysed. This is not surprising,
considering the fact that the inter-annual variability (expressed
by the coefficient of variation) of the snow onset date for both
stations is higher than that for the snow disappearance date and
knowing that the months during snow onset (September to
November) show the smallest temperature increase of all sea-
sons (Rebetez and Reinhard 2008).
3.5 Snow water equivalent
Snow water equivalent is only measured bi-weekly at
Weissfluhjoch. As could be expected, long-term trend of
snow water equivalent is similar to that of the snow depth.
There is no change in the April 1 measurements, but there is
a decreasing trend in the June 1 measurements. Again, the
trend is only significant for the last 30 years. Values before
1948 have been parameterized based on the available snow
depth measurements and the corresponding bi-weekly den-
sity values according to Jonas et al. (2009).
3.6 Summer snow
If we analyse the months June to September, it becomes
evident that the new snow sum or snow days with at least
10 cm of snow depth have also been decreasing during the last
three decades (Fig. 6). The new snow sum even reached
unprecedented low values in the last decade. For snow days,
a threshold of 10 cm has been chosen in order to guarantee that
the snow was still detectable at Säntis, where it is read with
binoculars. The snow days at Zugspitze have not been con-
sidered here, for the same reason as described in Section 3.3.
3.7 Spatio–climatological representativity of Weissfluhjoch
Over the years, many of the experiments mentioned in
the introduction complemented each other and enhanced
the scientific value of the measurements at this high-
altitude site. Many of these studies also demonstrated
that the Weissfluhjoch site is an ideal location for snow
investigations due to its homogeneous snow cover (Meister
1983) and undisturbed environment. Nevertheless, the
question still arises as to how well the Weissfluhjoch
site represents the mean snow cover at about 2,500 m
asl in the Swiss Alps. This question is in general difficult
to answer due to the complex topography and thus het-
erogeneous snow distribution in the Alps. A recent study
shows that flatfield observations often register too much
snow in comparison with the same altitude band in the
whole catchment area (Gruenewald and Lehning 2011).
Nevertheless, we can analyse how the snow depth from
the flat observation site at Weissfluhjoch compares to the
flat measurement sites of the recently established auto-
matic IMIS network. Due to the different environments
and regional climates the IMIS stations are in, it is
obvious that the evolution of the daily snow depth shows
a high inter-station variability (Fig. 7). A comparison
between the mean of the 12-year mean daily snow depth
of the IMIS stations and the snow depth at Weissfluhjoch
Fig. 5 Annual snow onset and
disappearance dates at Säntis
and Weissfluhjoch. The thick
lines represent the 20-year
Gaussian low-pass filtered
values
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reveals a high similarity. Weissfluhjoch generally has a
little more snow, but both datasets display maximum
snow depth in mid-April. The largest differences (about
20 cm) are observed during the melt season (May–June),
and the other differences are generally less than 10 cm.
The differences in July are caused by the fact that many
of the IMIS stations are on grassy terrain and thus
register grass growth after snow melt. Interestingly, the
individual years reveal also a good agreement between
Weissfluhjoch and the mean of the IMIS stations (Table 2). In
a next step, we analysed how well the inter-annual variability
and the corresponding changes during the last 12 years at the
IMIS stations throughout the Swiss Alps are represented at
Weissfluhjoch. An examination of the mean snow depth be-
tween November and May also revealed an unexpectedly
good agreement with a root mean-squared difference of only
13 cm and a correlation coefficient of 0.82 between these two
datasets (Fig. 8).
We explain these good agreements by the fact that
Weissfluhjoch, although clearly located on the northern
Fig. 6 Sum of new snow
height (brown) and the number
of days with a snow depth of at
least 10 cm (green and red)
during summer month
(June–September). The thick
lines represent the 20-year
Gaussian low-pass filtered
values
Fig. 7 Mean (2000–2011) evolution of snow depth at Weissfluhjoch (2,540 m asl) and the average of the 51 IMIS stations with a median altitude of
2,405 m asl. Each of the thin lines represents one of these automatic stations
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side of the Alpine crest, is not sensitive to extreme
precipitation systems from one or the other side of the
Alps due to its position in the centre of the Alps. An
analysis of the spatial distribution of extreme snowfall
events in Switzerland corroborates this hypothesis
(Blanchet et al. 2009). Moreover, during a winter sea-
son, Weissfluhjoch is often affected by some precipita-
tion from the north and some from the south.
Nevertheless, it is still surprising that even special win-
ters such as 2001 (Nov 2000 to May 2001) with anom-
alously high snow amounts in the southern Alps do not
cause a higher bias for that year. The only explanation
we have is that the southern side of the Swiss Alps
covers a smaller area and that there are far less IMIS
stations there than at the northern side. A mean snow
depth for the whole Swiss Alps will therefore always be
heavily influenced by the snow cover on the northern
side, due to its larger area and better station coverage.
The fact that Weissfluhjoch is in eastern Switzerland
does not seem to matter, as there is almost no west–
east pattern regarding the snow depth at the winter scale
(Scherrer and Appenzeller 2006).
4 Conclusions
We have shown that regarding data homogeneity, Weiss-
fluhjoch is an ideal site for snow and precipitation measure-
ments at high altitude in the Alps. Moreover, we could
demonstrate that the snow measurements at the Weissfluh-
joch observation site are not only spatially representative for
the entire Swiss Alps with regard to the evolution and inter-
annual variability, but also on the daily time scale. None-
theless, there are other mountain observatories with longer
Table 2 Mean difference (MD), relative mean difference (rel.MD), maximum difference (maxD), root mean-squared difference (RMSD) and
Pearson’s correlation coefficient (r) between Weissfluhjoch and the 51 IMIS stations for the individual years
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 Avg StDev
MD 17 −18 12 5 25 1 4 0 14 −13 12 7 5 12
rel.MD 0.09 −0.21 0.11 0.12 0.24 −0.06 0.04 0.01 0.08 −0.16 0.15 0.04 0.04 0.12
max.D 64 61 40 47 75 30 38 39 57 57 56 47 51 12
RMSD 27 24 19 15 31 11 14 13 22 18 19 18 19 6
r 0.99 0.98 0.98 0.99 0.97 0.99 0.98 0.98 0.98 0.99 0.97 0.97 0.98 0.01
Average and standard deviation of these parameters over the 12 investigated years are given in the last two columns
Fig. 8 Mean daily snow depth between November and May at Weissfluhjoch (2,540 m asl) and the average of the 51 IMIS stations with a median
altitude of 2,405 m asl. The vertical bars represent the standard deviation of the daily means at the automatic stations
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time series for standard meteorological parameters such as
temperature or precipitation. To our knowledge, Weissfluhjoch
is the only high-altitude mountain station worldwide with such
long-term daily year-round snow and weather observations.
These uninterrupted series are now a unique resource for the
investigation of snow climate-related questions in an undis-
turbed high-altitude environment. The long-term climatologi-
cal snow series can hardly be compared to the few other alpine
mountain observatories at similar altitudes because snow is
either not measured at all or the measurements are heavily
influenced by snow drift or changing topography due to their
location on shrinking glaciers.
Regarding air temperature, the results of the last three
decades show a parallel warming of about 0.8°C at all six
mountain observatories analysed. Such a uniform warming,
which has not been observed at low-altitude stations strong-
ly indicates that temperature measurements on mountain
peaks, away from urbanisation and topographic effects,
provide an unbiased record of the global temperature. This
climate change-induced warming has an effect on the snow
cover, as has been shown in earlier studies (e.g. Marty 2008;
Scherrer et al. 2004). Most of these studies focused on low
and mid-altitude stations due to the sparse long-term meas-
urements at high altitudes. Our results demonstrate that at
high altitudes, snow depth, snow water equivalent, new
snow amount or new snow density are not undergoing
changes in mid-winter yet despite the observed warming.
This is due to the fact that the mean winter temperatures at
the investigated mountain observatories are still cold
enough to largely prevent snow melt and that the large
majority of precipitation still falls as snow. However, to-
wards the end of the snow season (i.e. May–July at about
2,500 m asl), when mean temperatures fluctuate around 0,
the additional warming of 2.5°C in last three decades caused
enhanced melting and more rain events. As a result, a more
rapidly decreasing snow depth (and snow water equivalent)
and therefore an earlier snow disappearance date during the
last three decades, can be observed. Looking at the whole
time series of the last 75 years, these changes are, however,
not significant. The solid precipitation ratio is the only
parameter which reveals a significant decrease even at this
high altitude. This trend towards more liquid precipitation,
especially during melt season, is responsible for the decreas-
ing new snow amounts and thus for the decreasing number
of snow days during the summer months. Moreover, this
reduction of summer snow days is mainly responsible for
the shrinking Alpine glaciers (Zemp et al. 2006; Huss et al.
2008), which are thus not insulated from the summer heat.
Long-term data from mountain observatories are not only
helpful to characterise present and past climatological fea-
tures in high-alpine environments, but also provide useful
information for the climate modelling community. Thus,
monitoring activities at mountain observatories are an
indispensable source to answer current climatological and
environmental questions. The harsh conditions at mountain
stations or the lack of appropriate sensors often require
human presence. However, the continuity of such long-
term observations is endangered worldwide for financial
reasons. Unfortunately, some of these unique mountain
observations have already been discontinued in recent years.
An initiative of WMO’s Global Cryosphere Watch
programme (IGOS 2007), which among others plans to
establish cryospheric reference sites at high altitudes, will
hopefully help to maintain the remaining observatories.
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